Introduction {#Sec1}
============

Saliva is the collective secretion from parotid, submandibular, sublingual and minor saliva glands and consists of approximately 99% water with some electrolytes, proteins, glycoproteins and enzymes^[@CR1]--[@CR3]^. Proteins and glycoproteins from saliva adsorb on the entire oral surface applying a salivary condition film (SCF). Besides taste perception, digestion, teeth integrity and antimicrobial activity, saliva and the SCF together provide lubrication during oral functioning (speech, chewing, swallowing) where frictionless sliding between different soft and hard tissue surfaces is essential.

Reduced saliva secretion (hyposalivation) and changed saliva composition are associated with xerostomia, i.e. a dry mouth feel^[@CR4],[@CR5]^, and a variety of additional dryness related complaints^[@CR6]^. Approximately 25% of all elderly and 50--60% of hospitalized elderly suffer from xerostomia^[@CR4],[@CR7],[@CR8]^. Major causes are the use of medication^[@CR9],[@CR10]^, Sjögren's syndrome^[@CR5],[@CR11]^, and radiotherapy in the maxillofacial region^[@CR12],[@CR13]^. Although xerostomia is not a life-threatening condition, it certainly reduces the patient's quality of life, with a significant negative impact on healthy ageing^[@CR14],[@CR15]^.

A common action that patients can undertake against xerostomia related complaints are maintaining good oral hygiene complemented by regular hydration of the oral cavity using saliva substitutes^[@CR16],[@CR17]^. Saliva substitutes only relieve the symptoms of a dry mouth, although not always effective, instead of being a treatment restoring salivary gland function^[@CR18]^. Comparison of saliva substitutes for their efficacy to relieve dry mouth remains difficult in absence of reliable *in vitro* or *ex vivo* models which truly mimic the dry mouth condition; this leaves the comparison to be made *in vivo* via the use of a questionnaire^[@CR19]--[@CR21]^. However, questionnaires are justly recognized to be valuable in representing the patient's real experiences of dry mouth relief, it remains difficult to develop new materials or formulations with the help of the questionnaire alone because of the high variability. Ben-Aryeh *et al*. even questioned the reliability of questionnaires to score saliva substitutes since differences in perception exist between patients^[@CR4]^. Moreover, placebos were found to reveal similar results in relieving symptoms as saliva substitutes which makes it difficult to rate a saliva substitute as truly effective^[@CR20],[@CR22],[@CR23]^. This indicates a great need of a simple *ex vivo* test setup where the dry mouth condition can be simulated. This test could then be used to optimize the material and formulation development, although patient questionnaires still should be used as a final step in product development to prove the effectiveness *in vivo*.

In contrast to articular joint lubrication, where friction coefficients between articulating surfaces are very well known^[@CR24]^, no *in vivo* measurements for oral friction coefficients exist. At most, there are some *in vitro* estimates. In the past, a rotating polydimethylsiloxane (PDMS) ball or disk sliding on a PDMS disk has been a popular setup to mimic lubrication properties of saliva on soft tissues^[@CR25]--[@CR27]^. This setup shows a 100-fold drop in the coefficient of friction (COF) from ≈2.5 in dry condition to ≈0.025 when the test surface is lubricated with whole saliva^[@CR25]^. Such low friction coefficients are similar to well lubricated artificial knee joint friction^[@CR24]^ and thus seem appealing at first sight. However, salivary lubrication of oral surfaces is radically different from articular joint because the articular joints require perception free lubrication, whereas in the oral cavity a certain level of perception is essential, e.g., to feel the texture of food or to feel the smoothness of the tooth surface after plaque removal. Differences in measured friction coefficients are essential to perceive the difference between two different surfaces or textures^[@CR28],[@CR29]^. Differences can be easily sensed if the absolute COF value is relatively high, as is needed for tactile tribology^[@CR30]^. Thus, it may not be surprising if the *in vivo* salivary friction coefficient is higher than that in articular joints and the ones measured when applying the PDMS system. In a separate study, a COF of 0.25 ± 0.03 has been reported between a stainless steel ball sliding against a saliva coated porcine tongue^[@CR31]^, which supports the premise of relatively high COF in the oral cavity. This also strongly suggests the use of biological surfaces in the development of a system to mimic dry mouth conditions instead of artificial PDMS surfaces. To mimic *in vivo* situations even more closely, it is preferred to use tooth enamel, instead of stainless steel, for sliding against the porcine tongue. Material properties play a role in this, since protein adsorption could be different in stainless-steel surfaces as in enamel. Therefore, the aim of this study was to develop an *ex vivo*, tongue-enamel reciprocating sliding friction system that can mimic dry mouth conditions and in which the efficacy of saliva substitutes can be compared to that of natural saliva. The tongue-enamel system was compared to a PDMS-PDMS system for their ability to differentiate between water, stimulated and unstimulated saliva, and saliva from different glandular sources.

Methods {#Sec2}
=======

Saliva collection and preparation {#Sec3}
---------------------------------

Standard protocols were followed during the collection and preparation of unstimulated (UWS), stimulated (SWS), reconstituted (RWS) whole saliva, and glandular (parotid (PS) and submandibular/sublingual (SMSL)) saliva^[@CR32]^, which are described in detail below. Two brands of commercially available mouth lubricants were used in this study: Saliva Orthana (SO), (Pharmachemie BV, Haarlem, The Netherlands), and Dentaid Xeros mouthwash (DX), (Dentaid SL, Barcelona, Spain). Demineralized water (DW) is used as a control.

Whole saliva was donated voluntarily by 5 healthy adult donors (age 28.2 ± 2.8 years) of both genders (3 males, 2 females) recruited from the department of Biomedical Engineering of the University Medical Centre Groningen, the Netherlands. All methods were performed in accordance with the relevant guidelines and regulations under the approval of the Medical Ethics Review Board of the University Medical Center Groningen (approval no. M17.217043, M09.069162 and UMCG IRB \#2008109) and donors gave their informed consent. The experiments were done in triplicate and therefore, collecting of whole saliva was done on the same day of the week and at 10:00 a.m. for three weeks. Participants did not eat and drink for one hour in advance. Before collecting any saliva, the mouth was rinsed well with tap water.

### Unstimulated human whole saliva {#Sec4}

For acquiring UWS the drooling technique was used. With minimal oral movements, donors collected saliva in their mouth for 5 minutes. The produced saliva was collected in containers. From the collected saliva of each donor, an amount of 100 µL of saliva was pooled with that of all other donors, stored on ice and was used immediately in experiments.

### Stimulated human whole saliva (SWS) {#Sec5}

From the same 5 donors, mechanically stimulated (chewing on Parafilm) saliva was collected for 15 minutes, 5 minutes after the UWS collection. Meanwhile, participants were allowed to expectorate saliva in ice cooled sterile flasks. The SWS was pooled and clarified by centrifugation at 10000 rpm (avg. 10100 g) at 10 °C for 5 minutes. For stabilizing the SWS, the protease enzymes were inhibited by adding phenylmethylsulfonyl fluoride (0.2 M in EtOH) (final concentration of 1 mM) and centrifuged again (same settings). 1 mL of the supernatant saliva was stored on ice for experimental use the same day. Abundant SWS was dialyzed in a graduate cylinder and stirred overnight at 4 °C against demineralized water. Part of this saliva was freeze-dried for storage and for making RWS as described below.

For the mouth feel survey, a group of 22 healthy volunteers (8 males, 14 females) (18--21 years) donated SWS as described above.

### Reconstituted human whole saliva {#Sec6}

For acquiring pooled RWS, 15 mg of the previous freeze-dried SWS was dissolved in adhesion buffer (10% 0.5 M KCl; 0.2% 0.5 M KPi; 0.1% 0.5 M CaCl~2~; 89.7% demineralized water) at a concentration of 1.5 mg/ml and stirred at low velocity for 30 minutes. The saliva was centrifuged at 10000 rpm (avg. 10100 g) at 10 °C for 5 minutes. The supernatant was stored in ice cooled tube till used and called RWS.

### Glandular saliva {#Sec7}

Glandular saliva was collected from 1 healthy male donor (age 24). Parotid saliva was collected by the use of Lashley cups and a vacuum pump. The mucosa was dried with gauze before the Lashley cups were placed and kept over the parotid duct openings using a maximum pump suction of 1 bar. Parotid saliva flow was passive i.e. no stimulatory products were used to stimulate saliva secretion. Meanwhile secreted submandibular/sublingual saliva was collected by syringe aspiration. The collected saliva was stored separately in ice cooled tubes.

Preparation of the tongue-enamel friction pair {#Sec8}
----------------------------------------------

Fresh porcine tongues (90 kg, 6 months old pigs) (Kroon BV, Groningen, Netherlands) were rinsed with tap water to wash off coarse waste and put in a bath of ice water for ten minutes, then rinsed with demineralized water for 15 seconds. Excess water was removed by dabbing the tongue with paper towel and tongues were wrapped in cling film. To achieve a horizontal area of the tongues, the wrapped tongues were softly pressed against a glass plate inside a square box by a handmade setup. The box was filled with duplicating silicone, (Fig. [1a](#Fig1){ref-type="fig"}) and hardened for 20 minutes. To achieve a similar hydration state of all tongues, the tongues were submerged in adhesion buffer for 30 minutes after opening the cling film and rinsing with demineralized water for 15 s. The tongues were rinsed with demineralized water for 15 seconds again and dap dried (30 times) with precision wipes before experiments. The handling of the tongue could remove any kind of salivary proteins which may exist on it, although no treatment was done to intentionally remove adsorbed proteins.Figure 1The tongue-enamel and PDMS-PDMS surfaces. (**a**) The porcine tongue embedded in the duplicating silicone. (**b**) The rounded and polished piece of enamel with a radius of curvature of 55 mm fixated in a stainless-steel holder. (**c**) The stainless-steel flow cell with in the middle the PDMS flat surface. (**d**) The PDMS pin with a radius of curvature of 3 mm was fixated in a stainless-steel holder that was fitted to the load cell of the testing device.

The enamel used is of bovine origin and is primarily composed of hydroxyapatite, a crystalline calcium phosphate. Bovine teeth were shaped to fit in a stainless-steel holder by grinding its sides with a coarse sandpaper while keeping the anterior side of the tooth intact. The teeth were glued to the stainless-steel holder from the posterior side (Fig. [1b](#Fig1){ref-type="fig"}) and stored overnight at room temperature. The enamel was slightly ground in a bench pillar drill aligned above a sphere-shaped diamond grinder with a diameter of 55 mm while being continuously cooled with demineralized water to smoothen the surface. Coarse polishing was performed with a rubber polishing wheel. The final surface finish was obtained by sliding the enamel against a wetted polishing cloth with 0.05-micron alumina micro-polish. The enamel was rinsed with demineralized water and sonicated for 5 minutes to remove any alumina particles and stored in the fridge when not used. The final polishing and sonication were also done after each experiment to remove proteins and to generate a fresh layer of enamel.

Preparation of the PDMS-PDMS friction pair {#Sec9}
------------------------------------------

PDMS SYLGARD 184 silicone elastomer kit was used to make the PDMS pins and plate. The pins were made by pouring the PDMS in polystyrene U-bottom 96-well plates, and the plates were made upon a glass slide mounted in a flow cell (volume 3 mL), which was filled till the edge with PDMS (Fig. [1c](#Fig1){ref-type="fig"}). The PDMS plate and pins were put in a vacuum furnace at room temp and a vacuum of 200 torr using a vacuum pump to deaerate. Air bubbles were cleared by reflating the furnace several times. The PDMS pins and plate were incubated overnight at 80 °C and 200 torr pressure to allow crosslinking and were cooled down before experiments. The pins were fixated in a stainless-steel holder to fit in the load cell of the testing device (Fig. [1d](#Fig1){ref-type="fig"}).

Tribology experiments {#Sec10}
---------------------

The prepared tongues were immobilized on top of the lower drive in the universal mechanical tester (UMT-3, CETR Inc., USA) (Fig. [2e](#Fig2){ref-type="fig"} inset). The steel holder with the enamel was inserted in the load cell (range 0.1--10 N). The enamel was set above a flat spot of the tongue before running consecutive cycles in back- and forward direction. The applied vertical force of the enamel on the tongue was experimentally determined at 0.25 N data and protocol are shown in the Supplementary information (Supplementary Table [S1](#MOESM1){ref-type="media"})^[@CR33]^. The sliding velocity was set at 4 mm/s over a sliding distance of 10 mm^[@CR25],[@CR34]^.Figure 2Raw friction profiles of both interacting surfaces and parameter explanation. The raw friction profile of 2 cycles of enamel sliding over the tongue (**a**) in dry condition and (**b**) in lubricated condition. The raw friction profile of 2 cycles of the PDMS pin sliding over the PDMS surface (**c**) in dry condition and (**d**) in lubricated condition. The red and blue circles depict the maximum COF of the two consecutive cycles in all graphs a--d, whereas the red and blue lines correspond to the calculated median value of each cycle. Here, one can see that the median value corresponds to the plateau value. (**e**) The median and maximum friction of every cycle are plotted first during dry sliding (1) after hydration with 20 µL of lubricant (2). Point 2 represents the relief which the patient will feel immediately after rinsing the mouth with the particular lubricant and region 3 represents the duration for which patients feel relieved of the signs of dry mouth. Experiments were done on a UMT-3 device (inset of e).

In the experiments, the UMT-3-device measured the raw COF every 0.01 seconds during all dry and lubricated cycles (Fig. [2a--d](#Fig2){ref-type="fig"}). From this raw data, the median and maximum COF (*COF*~*median*~ and *COF*~*max*~) from each cycle was taken for further data analysis. Since we are using increase in friction as a sign of dry mouth, the *COF*~*max*~ is presumed to be the first indication of drying mouth felt by the patient and urges the patient to wet their mouths. The median cycle values correspond to the plateau values from the cycles as depicted in Fig. [2a--d](#Fig2){ref-type="fig"}. Also the median friction gives better insights in the process of drying out since medians are less sensitive for outliers than maximums. Thus, both the maximum and median friction of all cycles were plotted as a function of time (cycle number), (Fig. [2e](#Fig2){ref-type="fig"}).

Mimicking dry mouth surfaces {#Sec11}
----------------------------

Each experiment was performed by following a set of steps (Fig. [2e](#Fig2){ref-type="fig"}). In step 1, the enamel was slid against the tongue for 10 cycles in dry condition, i.e., fully hydrated tongue but in absence of any free water. Stabilized COF in this step acts as dry baseline. In step 2, the sliding was stopped and a drop of 20 µL of lubricant was placed at the tongue-enamel interface. The sliding started and a quick drop in COF should be observed. The fold drop in *COF*~*median*~ and *COF*~*max*~ were designated as 'Relief' as per equations ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""}). The ratio was taken because often order of magnitude differences could be observed in the values of *COF*.$$\documentclass[12pt]{minimal}
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                \begin{document}$$Relie{f}_{from-max}=CO{F}_{max,average}^{Step1}/CO{F}_{max}^{Step\,2}$$\end{document}$$To overcome tongue-specific deviation an overall average of both the medians (*COF*~*median,\ average*~) and the maximums (*COF*~*max,\ average*~) from step 1 of all performed experiments were taken to calculate the relief from. Both *COF*~*median*~ and *COF*~*max*~ were continuously monitored during step 3 (Fig. [2e](#Fig2){ref-type="fig"}), after some time the two COFs should start to rise. The duration for which the COF remains low is designated to as 'Relief period'. The end of the Relief period was taken as the point, either on maximum or median COF, where a large change in slope (red spot in Fig. [2e](#Fig2){ref-type="fig"}) was observed. We hypothesize that saliva from different sources can be compared based on these two parameters i.e. Relief and Relief period (both based on *COF*~*median*~ and *COF*~*max*~).

For PDMS experiments, the PDMS plate was mounted upon the lower drive and a PDMS pin was mounted to the load cell. The protocol for mimicking dry mouth conditions was the same as for tongue-enamel interface.

Mouth-feel survey {#Sec12}
-----------------

For the mouth feel survey, 22 healthy medicine students participated by giving their informed consent and the survey was performed under approval no. M17.217043 from the Medical ethics committee of University Medical Center Groningen. The volunteers completed a questionnaire, which contained four questions (Table [1a](#Tab1){ref-type="table"}). The questions were answered twice, viz., to judge the existing mouth feel after rinsing the mouth with tap water, and immediately after keeping either red wine (RW) or pear juice (PJ) in the mouth for 1 minute. The protocol for PJ and RW preparation is presented in the supplementary information.Table 1Mouth feel survey.Question askedRange of scores possibleQ1How badly do you want to drink?1--5, 1 immediately, 3 normal, and 5 no needQ2How smooth are your teeth?1--5, 1 very rough, 3 normal and 5 very smoothQ3How smooth is your mucosa?1--5, 1 very rough, 3 normal and 5 very smoothQ4How dry is your mouth?1--5, 1 extremely dry, 3 normal and 5 extremely wetRinsing withnQ1Q2Q3Q4Relief Tongue-enamel systemRelief PDMS-PDMS systemTap water843.27 ± 0.453.31 ± 0.433.25 ± 0.303.10 ± 0.282.70 ± 0.4391.54 ± 9.10Red wine421.69 ± 0.412.16 ± 0.382.20 ± 0.541.98 ± 0.351.77 ± 0.3759.30 ± 8.40\*Pear juice424.31 ± 0.533.75 ± 0.533.90 ± 0.403.97 ± 0.343.09 ± 0.4360.11 ± 6.39\*A table presenting the list of questions asked to healthy volunteers to judge their mouth feel (a) and a table presenting the mouth feel scores for 4 questions immediately after rinsing the mouth with water, red wine (RW) and pear juice (PJ) for 1 minute (b). For the survey questions, comparison between pear juice and red wine was made using a paired t-test. The table also shows the *ex vivo* Relief obtained by saliva diluted with DW, RW and PJ for the two friction systems.

Taking a sip of PJ or RW and keeping it in the mouth for 1 minute stimulates saliva production resulting in a blend of PJ or RW with saliva^[@CR35]^. Thus, we set the extent of dilution arbitrary to 1:1 to mimic the *in vivo* condition *ex vivo*^[@CR36]^. The *in vivo* data were compared with *ex vivo* measurements of friction between the tongue and enamel and PDMS on PDMS lubricated with 20 µL of a mixture of SWS with PJ (SWS + PJ), RW (SWS + RW) and DW (SWS + DW) in a 1:1 ratio. The comparison of models could only be descriptive, because there is no statistical analysis possible for comparing these kinds of *in vivo* and *ex vivo* data. The saliva used in these *ex vivo* measurements was pooled saliva obtained from the same volunteers who took part in the survey.

Statistics {#Sec13}
----------

The variability in the average values was reported in terms of standard deviation (SD). One-way analysis of variances (ANOVA) was used to compare different groups, followed by Bonferroni post-hoc tests to compare between different groups using GraphPad Prism (5.00). Paired Student's t-tests were performed unless it was clearly mentioned. For the correlation assessment, the Pearson's correlation coefficient 'r' was used.

Data availability {#Sec14}
-----------------

Raw data are readily available.

Results {#Sec15}
=======

*Ex vivo* {#Sec16}
---------

### Tongue-enamel sliding system {#Sec17}

Since each experiment started with step 1 (Fig. [2e](#Fig2){ref-type="fig"}), i.e., tongue-enamel dry sliding, a large data set of 148 experiments was available with an average *COF*~*max*~ and *COF*~*median*~ of 3.21 ± 1.53 and 1.87 ± 0.75, respectively, which represent $\documentclass[12pt]{minimal}
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                \begin{document}$${{COF}}_{{median},{average}}^{{Step}1}$$\end{document}$ from equation ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""}). These numbers represent the baseline of which the 'Relief' of the natural saliva and saliva substitutes were calculated. Dry *COF*~*max*~ was significantly higher than *COF*~*median*~ (p \< 0.0001).

DW (n = 10) provided a *Relief*~*from\ max*~ of 3.97 ± 0.73 (Fig. [3a](#Fig3){ref-type="fig"}, p \< 0.001). UWS and SMSL provided a much higher Relief than DW and most other lubricants (Fig. [3a](#Fig3){ref-type="fig"}). SMSL and UWS resulted in a high Relief, i.e., \>8 -fold decrease in *COF*~*max*~ whereas SWS, RWS, PS, SO and DX provide low Relief, i.e., a three- to six-fold decrease in *COF*~*max*~, which are very similar to the Relief of DW.Figure 3System comparison by parameters. The dry mouth parameters calculated based on tongue-enamel (**a**,**b**) and PDMS-PDMS (**c**,**d**) sliding friction in presence of natural saliva and saliva substitutes. \* represents statistical differences compared to all others, and ^x^ to SMSL, with a significance level of 5%. The average and standard deviation were calculated from the number of experiments mentioned in the column in (**a**) and (**c**). (**a**) Relief calculated based on both *COF*~*median*~ and *COF*~*max*~ between tongue and enamel. (**b**) The Relief period in seconds taking both the *COF*~*median*~ and *COF*~*max*~ into consideration for all lubricants. (**c**) Relief based on both *COF*~*median*~ and *COF*~*max*~ for PDMS-PDMS. (**d**) The Relief period for PDMS-PDMS in seconds taking both the *COF*~*median*~ and *COF*~*max*~ into consideration for all lubricants.

Figure [3b](#Fig3){ref-type="fig"} shows the 'Relief period' of either human saliva or saliva substitutes in seconds on the tongue-enamel sliding system. DW provided Relief for 25 s. DX resulted in an even a smaller Relief period (7 ± 2 s), whereas SWS, RWS and PS resulted in a slightly longer Relief period (278, 171 and 113 s, respectively). The UWS and SMSL provided Relief for much longer periods (692 and 708 s, respectively) whereas SO resulted in a very long-lasting Relief period (68 minutes), which was significantly higher from all others (p \< 0.05).

PDMS-PDMS sliding system {#Sec18}
------------------------

The average *COF*~*max*~ and *COF*~*median*~ during dry PDMS-PDMS sliding from 33 experiments were 1.84 ± 0.088 and 1.71 ± 0.056, respectively, (p \< 0.0001). Again, these values represent $\documentclass[12pt]{minimal}
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                \begin{document}$${{COF}}_{{median},{average}}^{{Step}1}$$\end{document}$ from equations ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""}) as the baseline of which the Reliefs were calculated. The *COF*~*max*~ value of the PDMS-PDMS sliding was significantly lower than the one obtained from dry tongue-enamel sliding (p \< 0.001, unpaired Student's t-test), but *COF*~*median*~ did not differ (p \> 0.05, unpaired Student's t-test). Upon the introduction of DW at the PDMS-PDMS interface, no decrease in friction was observed. Interestingly, all the lubricants showed between a 55- and an 82-fold *Relief*~*from\ max*~ and between a 143- and a 216-fold *Relief*~*from\ median*~ (p \< 0.05) (Fig. [3c](#Fig3){ref-type="fig"}).

On the PDMS-PDMS sliding system no Relief period was observed for DW whereas DX gave the highest Relief period (465 minutes). SO and RWS gave a relief for about 34 minutes and the other types of saliva gave a relief for a period of 20 to 26 minutes with lowest being SMSL, which was significant lower than RWS and SO (Fig. [3d](#Fig3){ref-type="fig"}).

Both the Relief and Relief Period observed on the PDMS-PDMS sliding system was one or two orders of magnitude higher than on the tongue-enamel sliding system.

Effect of salivary dilution on *ex vivo* Friction {#Sec19}
-------------------------------------------------

The effect of saliva dilution with water, RW and PJ on the friction parameters (Relief and Relief period) measured *ex vivo* are presented in Supplementary Figure [S1](#MOESM1){ref-type="media"}. The Relief~from\ max~ from both the tongue-enamel and PDMS-PDMS friction systems is shown in Table [1b](#Tab1){ref-type="table"}.

*In vivo* {#Sec20}
---------

### Mouth-feel survey {#Sec21}

In Table [1b](#Tab1){ref-type="table"}, the mean scores from 22 healthy volunteers are depicted. For Q1, the need to drink responses correspond with: 'normal' for tap water, 'immediately' for RW and 'no need' for PJ. For Q2, the teeth smoothness is scored as 'normal' for tap water, 'rough' for RW and 'smooth' for PJ; for Q3, the mucosa smoothness is scored as 'normal' for tap water, 'normal' for RW and 'smooth' for PJ; and for Q4, the mouth dryness was scored as 'normal' for tap water, 'dry' for RW and 'wet' for PJ.

Correlation between the *ex vivo* and *in vivo* results {#Sec22}
-------------------------------------------------------

If the Reliefs obtained for saliva mixtures are related to the mouth feel scores (Fig. [4a--d](#Fig4){ref-type="fig"}), then we can see that in the Pearson's correlation coefficients 'r'. For the tongue-enamel system, the r-values of *Relief*~*from\ medians*~ and *Relief*~*from\ max*~ to the mouth feel survey are 0.43 and 0.97 respectively. Correlation between the Relief values from the PDMS-PDMS system and the values from the mouth feel survey showed r-values of 0.33 and 0.16 respectively.Figure 4Correlation assessment *in vivo* and *ex vivo* scores. Correlation between mouth-feel survey-scores and the three saliva mixtures' median and max Relief in the tongue-enamel friction system (**a** and **b**) and PDMS-PDMS friction system (**c** and **d**). Please note that the x-axis' scales are different. Q1, Q2, Q3 and Q4 represent the questions of the mouth feel survey (Table [1a](#Tab1){ref-type="table"}). The numbers in the columns represent the amount of experiments.

Discussion {#Sec23}
==========

Both the tongue-enamel and PDMS-PDMS friction systems were compared for their suitability to mimic dry mouth conditions by determining parameters like Relief and Relief period for water, SWS, UWS, RWS and glandular saliva. In addition, the Relief observed with both systems was related to the *in vivo* mouth feel. Water is easily accessible and often used by the dry mouth patients to moisten their oral cavity, but in clinical studies this relief only lasts for minutes^[@CR18],[@CR37]^. This phenomenon is explained through poor *in vivo* wettability of oral mucosa and enamel by water^[@CR38]^. The system developed in this study, tongue-enamel friction, confirmed this phenomenon by showing a Relief of only 4 by adding water (DW) for about 25 s (Fig. [3a,b](#Fig3){ref-type="fig"}). Due to the hydrophobicity of PDMS, DW did not show any Relief or Relief period on the PDMS-PDMS system (Fig. [3c,d](#Fig3){ref-type="fig"}), which is a clear shortcoming of that friction system.

Mucins are large and highly glycosylated proteins, which contribute to the lubricating properties of saliva^[@CR38]--[@CR41]^. Mucins are secreted by the sublingual (SL), submandibular (SM) and minor glands and predominantly absent from parotid saliva (PS)^[@CR1],[@CR42]^. Predominance of mucins in SL and SM gland secretions is reflected by the approximately threefold higher Relief and a six-fold longer Relief period by SMSL on the tongue-enamel friction system as compared to PS. Results obtained on the PDMS-PDMS system were unable to elucidate the physiological difference between types of human saliva.

UWS is mainly composed of submandibular saliva (65--70%) with smaller contributions of parotid (20%) and sublingual saliva (7--8%)^[@CR1],[@CR2]^. Chewing stimulated saliva is mainly composed of parotid saliva (60%) and low amounts of submandibular saliva^[@CR43],[@CR44]^. Predominance of SMSL and thus mucins in UWS causes UWS to provide about a twofold (2.1) higher Relief and a 2.5-fold longer Relief period as compared to SWS on the tongue-enamel friction system. These findings are in line with the findings from Prinz *et al*., who found better lubrication of UWS compared to SWS in continuous friction between tongue and oesophagus mucosa^[@CR33]^. Differences in Relief and Relief period between SWS and RWS are also an indication of lower content of the lubricating glycoproteins in RWS, probably caused by the processing of RWS which has been shown to impact its composition^[@CR45],[@CR46]^. Although not significant, it is striking to see that in both Relief and Relief period, a similar trend could be seen between the whole and the glandular salivas.

Notable is the poor Relief provided by SO. Due to the mucin content (3% porcine gastric mucin^[@CR37]^) in SO one could expect a higher Relief compared to mucin-poor saliva and DX. However, as Madsen *et al*. reported, in thin film lubrication, submandibular mucin coating resulted in a much lower friction coefficient as compared to gastric mucin^[@CR47]^. This can also explain why UWS provided a significantly better Relief than SO. The 700-fold longer Relief period of SO, as compared to DX does underline that the choice of lubricative substances matter for the application in saliva substitutes. The 68 minutes Relief period by SO seems to be long compared to clinical study results where the retention time was 20 to 30 minutes^[@CR37],[@CR48]^. This difference could arise because the tongue-enamel system is not subjected to swallowing or interference from other oral surfaces or movements. The PDMS-PDMS friction system showed a 1.2-fold higher Relief and a 13-fold higher Relief period for DX as compared to SO, indicating a different action of work on both system interfaces. The relief period of 7.5 hours for DX on PDMS-PDMS could be due to formation of an oily lubricating film on PDMS even when the water has completely dried, and thereby, clinically irrelevant. One of the ingredients of DX is PEG-40 hydrogenated castor oil, which in fact is a surfactant. Its oily compound would attach very well on the hydrophobic PDMS surfaces and interact with other active ingredient like hydroxyethyl cellulose during sliding to give rise to a highly lubricating, non-aqueous tribofilm. This would lead to much smaller DX Relief periods on tongue compared to PDMS, since the tongue surface is less hydrophobic and can also adsorb some molecules. Clinically no reports have yet been found where DX has been mentioned to give such long periods of relief to the dry mouth patients as shown by the PDMS-PDMS system. In presence of carboxymethyl cellulose (a very similar molecule to DX' main component hydroxyethyl cellulose), a clinical retention time of only 10--26 minutes was reported^[@CR37],[@CR48]^.

If the Relief and Relief periods for different human saliva, saliva substitutes and saliva mixtures obtained on the tongue-enamel and the PDMS-PDMS friction system are compared (Fig. [5a,b](#Fig5){ref-type="fig"}), then we clearly observe that both systems provide rather dissimilar results. The Relief provided on the PDMS-PDMS system was a 10 to 100-fold higher than shown on the tongue-enamel system, which relates to the clinical situation even less. The COF measured after lubrication ranged from 0.007--0.035, which is within the friction coefficient range in synovial joints^[@CR24],[@CR49]^ and in molar contacts^[@CR41]^, but not for soft surface contacts. For the Relief period, we see a clear spread of points on the tongue-enamel system whereas on the PDMS-PDMS system, most of the points group together. The only outlier is DX; this indicates that the tongue-enamel friction system is more sensitive in differentiating smaller differences. Furthermore, the outlier DX on PDMS-PDMS is inexplicable. These results indicate that the tongue-enamel system gives clinically more reasonable data than the PDMS-PDMS system, furthermore the results from the tongue-enamel system better correlate with mouth feel (Fig. [4](#Fig4){ref-type="fig"}). Relief determined from the tongue-enamel friction system seems to be a much better predictor (especially looking at the Relief~from\ max~) of the actual mouth feel (Fig. [4](#Fig4){ref-type="fig"}) whereas the PDMS-PDMS system does not have this power. Straight line correlations for 3 experimental points may not be completely justified, but the fact is that for all survey questions the trend is similar. The tongue-enamel friction system relates better with actual mouth feel than the PDMS-PDMS friction system. Our findings are in line with other studies which have shown that astringent components induce dry mouth feel as well as elevate friction in tribology experiments^[@CR50]^.Figure 5Correlation assessment between the two systems for the tested natural saliva, saliva mixtures and saliva substitutes. Relief: the outlier on the left is water, which showed no relief on the PDMS system, while reliefs the tongue in the tongue-enamel system by a factor of four. The correlation assessment showed no correlation (r of −0.07) (**a**). Relief period: both axes are in log-scale, making the rightmost spot an extreme outlier for the relief period in the PDMS-PDMS system, while SO is the lubricant having the longest relief duration in the tongue-enamel system. Water showed also no Relief period in the PDMS-PDMS system and is off-scale; it showed a short relief period of 25 seconds in the tongue-enamel system. The total correlation assessment delivered an r of 0.13 (**b**).

Based on the obtained results and the above discussions we conclude that the tongue-enamel friction system is better suited to mimic xerostomic conditions and intra-oral friction than the PDMS-PDMS system. The tongue-enamel friction system is sensitive to hydration with water, in contradiction to the PDMS-PDMS system. The tongue-enamel friction system can also distinguish between different compositions and origins of saliva, giving different Relief and Relief period with compositional changes. Mucin-rich saliva delivered especially good results in Relief, and a mucin-containing saliva substitute delivered a long-term relief period necessary in the absence of a continuous flow of natural saliva.
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